The fluorination of mono-and bi-layer graphene have been studied by means of ab-initio DFT calculations. The stability of CF x systems are found to depend on both the F coverage and on the position of the F atoms regarding the C sublattices. When F atoms is chemisorbed to C atoms belonging to the same sublattice, low coverage is preferred. Otherwise, large F coverable is more stable (up to C 4 F). The difference of charge distribution between the two carbon sublattices explains this finding that is confirmed by the analysis of the diffusion barriers. Binding energy of F on bi-layer systems is also computed slightly smaller than on monolayer and electronic decoupling is observed when only one of the layer is exposed to fluorine.
Graphene is one of the most promising materials for optical and electronic applications [1] . One of the direction of research to control its electronic properties is the creation of topological defects [2, 3] and the chemical functionalization [4, 5, 6, 7, 8] . A change of the global doping level of electrons or holes could then be obtained together with a modification of the local electronic properties, depending on the type, on the concentration and on the position of the defects [9, 10, 11, 12] .
In particular, due to the covalent character of the carbon-fluorine bonds, the F functionalization of graphene is rather easy and large amount of experimental [9, 10, 13, 14, 15, 16, 17, 18, 19] and theoretical [20, 21, 22, 23] works have been reported on the nature of the fluorination of graphene. The CF systems, with a coverage of the two sides of graphene layer, called fluorographane, has demonstrated thermal and chemical stability until 600 K [10] and a bandgap around 3.8 eV [17, 10] . Potential applications in electronic and optoelectronic devices have been proposed [17] . Other F coverage densities modify the bandgap as well as the electronic behavior of the samples [14, 18, 19, 20] . Moreover, fluorination of selective-areas of graphene has been achieved by removing F from graphene by Electron Beam [18] or by local deposition of F by Laser irradiation with Fluoropolymers [19] .
Other authors reported a saturated F coverage at 25% (C 4 F) over one side of graphene [9, 16] . These results can also be influenced by the number of layers of graphene [16] . A fully fluorinated bilayer graphene has also been predicted to be more stable than pristine bilayer graphene [24] because the sp 3 character of the C-F bonds promotes C-C bonds between layers.
The nature and consequences of the absorption of fluorine on single-and bi-layer graphene have however not been fully investigated. The formation of sp 3 bonds following the F adsorption is, as a first approximation for π-electrons, similar to the presence of vacancies. Both give rise to localized states at or near the Dirac point [12] . The basics of the emergence of these states lies in the presence of two sublattices in graphene [25] . When one p z orbital is removed in an otherwise perfect lattice, a zero-energy state appears on the other sublattice, damped with the distance [26, 27] . This has also been reported for Hydrogen absorption [28, 29] . The importance of the sublattice symmetry in chemically modified graphene has also been reported for nitrogen substitution [30] . The analysis of the stability, of the chemical bonding and of the electronic properties of fluorinated graphene for different coverage densities and sublattice symmetries is then necessary.
In the present work, we investigate the binding energy (BE) and electronic properties of fluorinated single-and bi-layer graphene by density functional theory (DFT)ab-initio calculations. Our results demonstrate that the BE strongly depends on the F coverage density but also on the sublattice of the carbon atoms covalently bonded with the F atoms. Indeed, BE increases for high coverage when carbon of different sublattices are involved in the C-F bonds and BE decreases otherwise. This result is analyzed in terms of sublattice symmetry of the charge distribution associated with a simple defect or adatom. The analysis of the diffusion barriers of F on graphene reinforces the low probability of same sublattice chemisorption for high F coverage. The electronic properties have also been found to depend on the symmetry of the coverage : fluorinated graphene is an insulator when different sublattice are occupied and metallic when only one sublattice is considered. Furthermore, magnetic behavior is observed only for the less stable configurations, i.e., when only one sublattice is involved. For bilayer graphene, the BE is obtained slightly smaller than for monolayer, in agreement with experimental data [16] and an electronic decoupling between the carbon layers is observed when only one of the two layer is covered with fluorine.
Methods
First principles calculations have been performed using the VASP code with spin polarization [31] . We use the van der Waals functional parameterized by M. Dion et al. (vdW-DF) [32] , which has been implemented in the code by J. Klimes et al. [33] . The factorization proposed in Ref. [34] represents a very substantial efficiency improvement in the evaluation of the exchange-correlation potential and energy, thus enabling first-principles van der Waals calculations for any system accessible to usual GGAs. The results presented below have been performed using by the functional vdW-DF, but we have checked that other van der Waals functionals implemented in the VASP code preserve the main features found employing vdW-DF. Spin polarized calculations normally require a fine sampling of the Brillouin zone, that we performed with a Monkhorst-Pack scheme and the number of point with dependence on the size of the system. For example, 25x25x1 and 5x5x1 k-points have been considered for C 2 F (3 atoms) and C 50 F (51 atoms), respectively. We have verified that the interlayer space in graphite is in agreement with previous calculations [32, 35] . The cut-off energy for plane wave basis set is 500 eV. The structure was relaxed by conjugate gradients optimization until forces are smaller than 0.01 eV/Å. Periodic boundary conditions were applied, so we use large enough supercell parameters (33Å) in the directions perpendicular to the graphene plane to avoid spurious interactions between adjacent layers.
In order to investigate the stability of the fluorinated coverage, we calculate, from the total energies, the binding energy (BE) per fluorine atom as the difference between the fluorinated graphene (CF x ) and an isolated graphene plus atomic fluorine.
The surface diffusion of F on graphene have been evaluated with the nudged elastic band method (NEB) [36] , as implemented in VASP. This method allows to keep the distances between the images along a path constant to first order.
Fluorine coverage of single layer graphene
In order to model the functionalization of graphene with F, we have considered supercells of graphene denoted by nxm, where n and m multiply the unit cell vectors a 1 and a 2 , respectively ( Fig. 1 ). The number of C atoms per supercell is N =2xnxm. The minimum unit cell of graphene (given by n = 1, m = 1) has two carbon atoms, which defined the A and B sublattices. We have considered two important parameters for modelisation of the fluorination of graphene : (i) the density of the coverage, (ii) the position of the F atoms into the supercell (sublattice symmetry and the distances between F atoms). Moreover, except otherwise stated, we have studied systems with the F atoms lying on the same side of the graphene in order to mimick the chemical functionalisation of graphene deposited on a substrate.
We denote the density of coverage by x, in a CF x (or C n F nx system). Lower coverages of F atoms is obtained with large supercell, such as CF 0.02 (C 50 F) generated by a 5x5 supercell. We have considered densities from x = 0.02 to x = 1. The second important parameter is the position of the F atoms. If only a single F atom is considered for a given supercell, all the F atoms are bonded with C atoms belonging to the same sublattice. The system is called CF is used for a system with both A and B carbon atoms chemically bonded with F atom. The most stable system reported until now is the fluorographane (CF) [9] with a F atom bonded to each C atoms, on both sides of the graphene plane. The BE in the present van der Waals scheme calculations is found to be BE= 2.78 eV. In ref.
[37] a BE= 2.86 eV has been calculated by first principles using a different functional (PBE). Note, two F atoms over the same side of graphene plane in a CF system is not stable due to the repulsion between F atoms.
As a second example, we consider C 2 F AA with a F atom in a 1x1 supercell with all the F atoms attached to a same sublattice C atom (say, the A sublattice). C 2 F AA is the less stable configuration studied in this work with a BE= 0.90 eV. Its counterpart, with the same concentration x = 0.5 in the AB configuration (C 4 F AB 2 ) in a 2x1 supercell and F atoms on both sides of the graphene layer to avoid repulsion between first neighbour F atoms has a BE= 2.47 eV. This means a difference of 1.57 eV for the same density. C 8 F 2 is obtained with a 2x2 supercell with 2 F atoms ( Fig. 1) . When the F atoms are adsorbed on the same side but on different sublattices (C 8 F AB 2 ) and with the larger distance between them (equals to the third nearest neighbour), the system is the most stable one-side' fluorinated graphene (BE = 2.27 eV), in agreement with ref [9, 16, 21] . The other possible configuration, C 8 F AA 2 , with the F atoms over the same sublattice, is less favorable by 0.94 eV. The main structural parameter for the stability of graphene-F systems is then the sublattice symmetry. The importance of the sublattice symmetry on the BE is found for all densities of F coverage as shown in Fig. 2a . Note that for the CF AB x systems, the BE for the most stable position of the two F atoms in the supercell (i.e., the third nearest neighbour) have been reported [38] . We see that the BE of A-B configuration increases almost linearly when the F density rises. This means that, energetically, F atoms tend to form area with high coverage. At the opposite, for the A-A adsorption, the BE decreases almost linearly with the F coverage. For the same coverage, the difference in the BE between the two configurations can be considerable, from 1.57 eV for C 4 F 2 to 0.33 eV for C 32 F 2 . As expected, for low density, the difference of BE vanishes and the BE is close to 2 eV for both configurations. Therefore, from an experimental point of view, for low concentration, the F coverage will not depend on the sublattice symmetry, as expected. But when the concentration rises, chemisorption on different sublattices will be favoured.
The importance of the sublattice symmetry is further evidence by the special 'mixed' case of C 8 F 3 . When the three F atoms are positioned on the same sublattice in a 2x2 supercell, BE=1.08 eV, following the linear behavior found previously. However, when two F atoms are on the A sublattice and the other one in the B sublattice, the BE rise to 2.15 eV but still below the AB curve (Fig. 2a) , as a consequence of the 'mixed' sublattice symmetry.
Fluorine functionalization of graphene deforms the planar structure because of the modification of the hybridization of the C-C bounds [21] . Hybridization can be investigated by structural parameters such as the F-C distance and the C-C bond angles (for C involved in the C-F bonds). Angles of 109
• (90 is then associated with slightly more sp 3 character of the C-F bonds.
For CF AA x , the C-F distance also decreases with the coverage (Fig. 3b) . This is associated with a more pronounced change of the angle from 101.4
• (C 2 F AA ) to 96.3 also, larger coverage is associated with more sp 3 character of the C-F bonds. However, at low coverage the C-F bonds is more ionic and the C-C bonds are sp 2 . The presence of two kinds of C-F bonds (one ionic associted with sp 2 and one more covalent associated with sp 3 have been observed experimentally by XPS measurement [16] . [27] , nitrogen substitution [30] or H chemisorption [28, 29] . In order to demonstrate this feature for F chemisorption on graphene and interprete the difference observed above for the two systems, we present on Fig. 3 a simulated STM images of C 50 F AA (x = 0.02) in the Tersoff-Hamman approximation for the electronic states between E F and E F + 1eV . Note that this image has been computed for the 'free' side of the graphene in order to avoid the direct imaging of the F atom. Fig.3 then shows the carbon local electronic density of states near the Fermi level for a C 50 F AA system. The enhanced electronic density on the B sublattice is clearly evidenced (F atom is on the A sublattice). The formation of a sp 3 bond on one sublattice then induces an increase of the electron density (near the Fermi level) on the other sublattice, as for vacancies. A second electronegative F atom then preferentially form covalent sp 3 bonds with carbon atoms of the other (B) sublattice, presenting an excess of electrons. This effect vanish with the distance between two F atoms because of the screening and smaller distance between F atoms (larger coverage) is favored. If the same (A) sublattice is considered, the low electron density will favor a ionic C-F bonds and sp 2 C-C bonds. Following this argument, for the second F atom, the first neigbours A-B functionalisation should be more stable. But the F-F repulsion excludes this possibility. We have further checked the role of the F-F repulsion for the C 8 F system but with two F atoms at third nearest neighbour position. In this case, BE=2.27 eV for the F atoms lying on the same side of the graphene and BE = 2.28 eV for the F atoms on both sides of graphene. The small difference of energy in this last case demonstrates the preponderance of the charge distribution on the graphene sublattice for the analysis of the BE.
An isolated chemical doping or defect breaks the sublattice symmetry as demonstrated for vacancies

Diffusion barrier
Beside the total energy calculations, diffusion of F atoms on the graphene surface is influenced by the F coverage. We use the nudged elastic band (NEB) method to evaluate the diffusion barrier of F atoms on graphene. The diffusion barrier of an isolated F on graphene is found to be 356.4 meV for a 2x2 supercell. This very high barrier (more than 10 times the thermal energy) is expected because of the covalent C-F bonds. F atoms are then not mobile on a graphene surface.
The picture changes completely if a F atom is already chemisorbed on graphene. Energy barrier in a 2x2 supercell with 2 F atoms (C 8 F 2 ) is displayed on Fig. 4 . As discussed before, the most stable situation is found for a F atom bonded to C atoms of different sublattices but not first neighbours (F1 and F2 positions on fig. 4 ). To move one F atom from the stable position to the neighbouring A site (path 1 from B to A on Fig. 4) , the F2 atom has to overcome a barrier that is larger than 2 eV and that correspond more or less to the difference of binding energy between the structures. Interestingly, despite the covalent C-F bonding, the reverse path has a barrier of only 47 meV. This process is likely to occurs thermally. The diffusion to the first-neighbour position (path 2) is very unlikely even if the final position is more stable (diffusion barrier 254 meV).
We note here that if the two F atoms are first neighbour, in spite of the repulsion between the two F atom, this configuration is more stable than the A-A configuration and the energy barrier along path 2 (From B to A) in more than 1 eV. However, this situation is very unlikely to occurs because in a deposition process first neighbour positions will be prevent by the F-F repulsion before C-F bonds can be formed. 
Electronic properties
We now turn to the analysis of the the band structures (BS) of the C-F systems. For single-layer graphene, as for the BE, the electronic behaviour depends strongly on the arrangement of the F atoms into the unit cell. For high F concentration the Dirac cone of the pristine graphene disappears for both F sublattices arrangements (Ref [20] and Fig. 5 ). For exemple, C 8 F AA 2 has almost flat bands crosses the Fermi level (Fig. 5a ) and the local density of states (not shown) shows, as expected, a localization of the associated wavefunctions on the other (B) sublattice. The system is magnetic with a magnetic moment of 0.799µ B . For the other (more stable) configuration, the CF AB 0. 25 ( Fig. 5b) , the system is non-magnetic and semiconducting, with a gap of 2.87 eV, in agrement with [20] . For larger coverage, C 2 F AA system is metallic and has a magnetic moment of 0.745µ B , while C 4 F AB 2 is non-magnetic and presents a 1.84 eV gap.
For lower F concentration, the Dirac cone can be visualized and the magnetisation tends to zero. For AA configurations, difference also appears depending of the symmetry of the graphene nxn supercell. As for nitrogen [30] , if n is a multiple of three (Fig. 5c for the 3x3 system), no gap is created. In the other case, the Dirac cone is opened at the K point of the Bruillouin Zone (Fig. 5d for the 4x4 system) . We also note, the p-doping of the graphene layer (the Dirac energy is above the Fermi energy) associated with the electronegativity of the Fluorine atoms. Energy (eV) 
Bilayer graphene
For bilayer graphene, denoted as b-C n F nx , we have only considered the most stable Bernal (AB) stacking and F atoms bonded only to one of the two layers, in order to mimick the chemical functionalisation of graphene lying on a substrate. Because of the Bernal stacking, the symmetry of the sublattice is broken and the two sublattices correspond to inequivalent absortion sites. The different in total energy calculation between a F chemisorbed on the A (carbon atom on the top of a carbon atom of the other layer) and B (carbon atom of the top of the center of an hexagon) sublattices decays with the size of the system, and is in favor of the B sublattice. This difference is however much smaller than the one associated with the lattice assymmetry (9.4, 2.5 and 0.4 meV per F atom for b-C 2 F, b-C 8 F and b-C 18 F, respectively). Note the difference found in Ref. [24] is 0.3 meV but with a PBE functional and a F coverage for the two sides of bilayer graphene.
The BE for b-CF x , with F atoms chemisorbed on one of the layers only, follows the trends observed for single-layer graphene (Fig. 2) . b-CF x however exhibits systematically smaller BE than monolayer CF x . The difference is however very small ( 0.033 eV for C 18 F AA ) and is barely visible on the figure. A fluorination of a bilayer graphene energetically less favorable than for monolayer is on agreement with the recent experimental data of Felten et al. [16] even if the present order of magnetitude is too small to explain the observations. Note also that the difference between b-
is of 0.94 eV in favor of the AB case, similar to the diffrence for single layer graphene (Fig. 2) .
Charge calculations indicate a weak charge transfer from the pristine layer to the functionalized layer of 0.0043 e per C atom for b-C 2 F AA system, 0.0029 e per C atom for b-C 8 F AA . Fluorination also influences the interlayer interaction energy (ILE) per carbon atom. For example, ILE are found to be 0.016 eV and 0.021 eV for b-C 2 F AA and b-C 2 F BB , respectively, compared with 0.050 eV for pristine bi-layer [35] . For more stable C 8 F ILE is even smaller (0.015, 0.001 and 0.002 eV, respectively). A decoupling between the graphene layers then occurs due to the fluorination and is correlated with the sp 3 hybridization of one of the layers. A decoupling in bilayer graphene has also been observed [39] and simulated for oxygen chemisorption [40] . At the opposite, a fluorination of both side of bilayer graphene lead to a strong coupling due to the formation of sp 3 bonds between C atoms of different layers [24] . The electronic band structures (BS) of the systems also demonstrate the decoupling between the two layers when one of them is fluorinated. Fig. 6 c and d show the BS of a b-C 2 F when the F atom is bonded to the A and B sublattices, respectively. For comparison, the BS of pristine graphene single layer (Fig. 6a) and single layer C 2 F AA (Fig. 6b) are also presented . The BS of the b-C 2 F AA system is almost the sum of two isolated systems. The fluorination of one of the layer of bi-layer graphene then results in an electronic decoupling of the two layers and Dirac fermion behavior is recovered on the pristine layer. The Dirac cone is slighly shifted up due to the p-doping mentionned earlier. If we closely look at the Dirac point, the electronic decoupling is better for the decoupling is still strong.
Summary
In conclusion, the nature of the F functionalization of graphene and bilayer graphene have been addressed. The study by means of van der Waals first-principles calculations demonstrate the sublattice dependence in chemisorption in graphene. The most stable F coverages are obtained when the two sublattices are equally occupied by F atom. Combined with the short range F-F repulsion, the most stable system is C 4 F, as observed experimentally [9, 16, 17] . Energy barriers calculations reinforced this conclusion. Bilayer flurorination is slightly less favourable energetically but present an interesting electronic decoupling between graphene layer. This decoupling could be observabled experimentally by STM, Raman [41, 39] , transport measurements or ARPES. Chemisorption of top layer bilayer graphene can be a way to (locally) create an electronically single-layer graphene sandwiched between an insulating F functionalized graphene layer and the substrate.
